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SECTION I

PURPOSE

This program is intended to study the feasibility of high-dielectric-

constant materials as resonators in microwave filters, and to obtain de-

sign information for such filters. Resonator materials shall be selected

that have loss tangents capable of yielding unloaded Q values cornparable
to that of waveguide cavities. The materials shall have dielectric con-

stants of at least 75 in order that substantial size reductions can be

achieved compared to tae dimensions of waveguide filters having the

same electrical performance.
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SECTION II

ABSTRACT

The subject of waveguide band-stop filters using dielectric res-

onators is considered in this report. Two basic orientations of a die-

lectric resonator in a TE 1 0 -mode rectangular waveguide are analyzed.

In one orientation, the equivalent magnetic-dipole moment of the die-

lectric resonator is transverse to the waveguide, and in the other it is

axial. Formulas for external loaded Q are derived in both cases. Uti-

lization of this Q data in band-stop filter design is explained. An

example is given of the design of a three-resonator band-stop filter,

and the experimental response is shown to agree well with the antici-

pated performance.

Various configurations of dielectric resonators in waveguide

that yield directional-filter performance are described in this report.

In some of the cases, pairs of resonators operating i, their funda-

mental mode are used. In other cases, a single resonator is used

operating in its second mode of resonance. This mode in the case of

a disk is a dual one, having two orthogonal resonant fields existing

independently at the same frequency. When the disk is placed for

proper directional-filter performance, the analysis shows the equiv-

alent ragnetic -dipole moment to be circularly polarized. Formulas

are derived for several cases of particular interest. Methods of add-

ing resonators to achieve multiple-resonator response are described.

Measured resonant-frequency curves are presented for the first

three modes of a disk as a function of length-to-diameter ratio. Favor-

able regions of L/D yielding good mode separation are found in the

cases of the first and second modes.

i -2-
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Data showing the effect of metal-wall proximity on unloaded Q
and resonant frequency are presented for an axially oriented dielectric

disk in square and circular cut-off tubes. Large disagreements with

the previously derived approximate formulas are found, despite the

fact that the analysis gave good results in the transverse case. An

explanation for the failure of the theory is given, and it is shown how

the accuracy of the analysis can be improved.

I
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SECTION III

CONFERENCES AND PUBLICATIONS

On 5 May 1965, a paper on the subject of this study program

was presented at the 1965 G-MTT Symposium, Clearwater, Florida,

by Dr. S. B. Cohn. The title was "Microwave Filters Containing

High-Q Dielectric Resonators."

A conference was held on 6 May 1965 at Clearwater, Florida.

Those attending were Dr. S. B. Cohn and Mr. E. N. Torgow of

Rantec Corporation and Messrs. J. Agrios and N. Lipetz of the

U. S. Army Electronics Laboratories. Progress and future plans

were reviewed.

rk
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SECTION IV

FACTUAL DATA

1. Introduction

Earlier work on this program has shown that a dielectric reso-

nator placed in a propagating waveguide will produce a band-rejection

response. A series of such resonators spaced at quarter or three-

quarter wavelength intervals along the waveguide can be designed to

yield a band-stop filter with a well-defined stop band and closely spaced

well-matched upper and lower pass bands. Although it would have the

same length as a conventional waveguide band-stop filter using side-

coupled cavities, this dielectric resonator filter is of interest because

it is wholly contained within the waveguide cross section. Also, the

internal parts can be easily inserted without modification of the wave-

guide. A suitable length of straight waveguide would usually be avail-

able in most practical waveguide assemblies. Design formulas are

derived in this report for waveguide band-stop filters containing die-

lectric resonators in various orientations, and an experimental

example is presented.

A filter type of considerable practical interest is the directional

filter. Directional filters are four-port devices that can be used to

separate or combine adjacent frequency channels. Although the same

effect can be achieved with a three-port device, the fourth port makes

the directional filter applicable to more complex requirements, and

also permits all ports to be reflectionless at all frequencies. This

non-reflection property is not possible in a three-port lossless, re-

ciprocal device. A number of dielectric-resonator configurations in

waveguide are described in this report that can yield directional-filter

performance. Design formulas are derived for the cases that appear

to be of most practical interest.

-5-



A dielectric object can support an infinite number of resonant

modes. In filters, only the first few modes would normally be of in-

terest. Higher modes would be too closely spaced in frequency to be

ordinarily useful. The lowest-frequency iiode is generally preferred

in band-pass and band-stop filters, but the work on directional filters

shows the second resonant mode in a dielectric disk also to be of value.

Measured resonant-frequency curves for the first three modes in a

disk are given in this report as a function of length-to-diameter ratio.

For good mode separation, this data reveals a broad range of permis-

sible L/D in. the case of the first mode, but only a narrow range in the

case of the second mode.

In the Third Quarterly ReportI, experimental data were given

for the effect of metal-wall proximity on the unloaded Q and resonant

frequency of a dielectric resonator in a square metal tube of varying

cross section. The configuration considered was transverse; that is,

the axis of the disk was perpendicular to the axis of the square tube.

Approximate equations were derived for wall proximity effects in the
or 2
Sixth Quarterly Report. Good agreement with the previous data was

uobtained for both Qu and fo" During the past quarter, measurements
were made in the case of axial orientation of a disk in both square and

circular tubes. The formulas of the Sixth Quarterly Report prove not

as successful with the axial orientation, as compared with the trans-

verse orientation. The source of error in the analysis believed re-

sponsible for the disagreement is discussed, and it is shown that the

error should be expected to be large in the axial case, but small in the
transverse case. The discussion shows the analysis to be capable of

being extended to improve its accuracy.

2. Waveguide Band-Stop Filters

xA dielectric resonator coupled to the H or Hz magnetic-field

component of a propagating TE10 mode in rectangular waveguide will
p



exhibit a band-stop response with
1.0o• •- essentially zero transmission co-

0.707- efficient and unity reflection coef-

A vficient at resonance. Typically
AND

IPl the frequency response is as shown
Iti in Figure 2-1. This rejection ef-

% f--- fect in a propagating waveguide

has been used earlier in the pro-
Figure 2-1. Transmission and
Reflection Response of a Rejection gram as a convenient means of
Resonator measuring the resonant frequency

(fo) and unloaded Q (Qu) of dielectric

samples. 3 Formulas will now be derived permitting the external loaded

Q' Qex' to be computed as a function of the dimensions, dielectric con-

stant, and resonant frequency of the dielectric object, the dimensions

of the waveguide cross section, and the ic-ation and orientation of the

dielectric object in the cross section.

When two or more resonators are used, spaced at odd-quarter-

wave intervals along the waveguide, steeper and higher rejection can

be achieved in the stop band and, at the same time, lower reflection in
4the pass band. In the Fifth Quarterly Report4, the following design

formula was given permitting the individual Qex values to be specified

to achieve a desired bandwidth and response function. Although in-

tended in the Fifth Quarterly Report for TEM-mode filters, the for-

mula also applies to waveguide filters.

! Z_

exx
The notation is as shown in Figure 2-2. Qexi is the Q factor of reso-

nator number i placed by itself in a waveguide terminated by its char-

acteristic impedance at both ends. The element values gi g1, gZ, ... gn

-7-
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Figure 2-2. Waveguide Band-Stop Filter

apply to the prototype low-pass filter whose response function is to be

simulated by the band-stop filter, w' ZTrf' is the frequency function

for the low-pass filter, and w, = (f 2 -fl)/f° is the relative bandwidth of

the band-stop filter. As shown in Figure 2-2, w', wl, fl, and f? apply

to corresponding response points of the low-pass and band-stop functions.

Formulas and tables of gi for maximally flat and equal-ripple
1 5,b

response functions have been published previously. Note that the

terminating-resistance value rn = I shown in Figure 2-2 restricts the
dn

allowable equal-ripple cases to n = odd, only. To achieve an exact

-8-
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equal-ripple response with n = even, either a transformer must be

added to the band-stop filter at one end, or the characteristic imped-

ance of the length of waveguide containing the resonators must be
6

different from the terminating impedances.

A formula yielding Q of a single band-stop resonator will now
ex

be derived. As in previous analyses on this program, use will be made

of the fact that the dielectric resonator appears at a distance to be a

magnetic dipole of moment m proportional to the R-F H field at its

center. For the rectangular-waveguide TE mode, there are two

basic orientations of m to be considered: m = mn and m = m. The

third possible orientation, m = m , produces no effect on the TEl 0

mode (since Hy = 0) and therefore is not of interest.

2.1 Case ofm = mx

An H-plane view of a dielectric resonator with mn orien-

tation in a rectangular waveguide is shown in Figure 2-3a. The TEl 0

wave components are shown in Figure 2-3b. The parameters in that
figure are defined as follows: (1) the incident wave is Eyi; (2) the
dipole moment induced by the incident wave is mx; (3) the £E1 0 com-

ponents excited by the dipole are E to the left and E + to the right; and
y y

(4) the total transmitted wave is E yt. The phase reference in all cases

is at the center of the dipole.

The transmission coefficient is

tE yt E yiy (2-2)E. E.yi yi

"-9-
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and the reflection coefficient is

S~(a)

REFERENCE PLANE At the resonant frequency, t = 0

Eyi----- 4  ----E-,- and IPI = 1. Hence

S~(b)

SFigure 2-3. Case of Dielectric =-E (yi
Resonator with m = m

OFT E _=1 . 25

The strength of the magnetic dipole, mnx. automatically adjusts itself to
yield these results. The relationship between m and the waves E+ and

_ x Y7

E may be obtained from an analysis in the Second Quarterly Report

that had been applied to a band-pass resonator in a nonpropagating

waveguide. From that report, thle wave components excited by mx are

E+ =a aee (2-6)

Ey = -al 0 eyeJSZ (Z-7)

H=_ - E+ (2-8)y AX

kk

S-op. -10- ad10n

-I-



h sin81/ 1TX (-1

n8 1/21

h = sin -- (2-12)

SX a

I = = 376. 6 ohms (2-13)

S~2w
W = (2-14)

g

k 2w _ ( (2-15)

Hence, at x = a/2 and z 0,

+ kmx ixm

y= =-- sin -- (2-16)
y y~i

BMn mrx.S8mH+ xm
H = - sin - (2-17)Sx x 3  Fa

The equivalent circuit of the resonant magnetic dipole in

a propagating waveguide i s shown in Figure 2-4. The definitions

V = 2E .b (2-18)Vg yi

2.qbk

Z°= - (2-19)

are arbitrary, but yield valid results since they are consistent on the

following power basis:

| ll
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b a

J E 2 d y

0~V Pi -Er -

I where P. is the power of the inci-
SI 1
SI I dent wave of amplitude E or

REFERENCE PLANE REFERENCE PLANE

V /2.
Figure 2-4. Equivalent Circuit
for m mx
fr mLi terms of the equivalent

circuit, the Q of the resonant cir-

cuit loaded by both terminations is

e4bjX wCQ ex T' ZZo° 0 WC (2-2l)
•Yo

At fo, the voltage drop across the resonant circuit is equal to

V = 2E .b. The energy stored in the resonant circuit isS~g Y9 ii

Wm =e C Vg ?= 2C(E2y b

which yields

C= W -' (2-23)

where Eq. 2-4, E+ -E was used. After combining Eqs. 2-16,
y yi

2-21, and 2-23, the following is obtained.

"M-12
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4brlX W a2
exM aa 2 2 2= • a)(2-24)

ki m sM n -in

This may be rewritten with the aid of Eq. 2-15. [
SQ ( 2-25)a X

ex 11 rx
\2ir sin(am))

The first factor has occurred in several analyses in previous reports.

Its reciprocal is designated by F, where

2
0.o (2-26)

m

This parameter is a function of the shape, dimensions, and dielectric

constant of the dielectric resonator itself. In the case of the funda-

rnental ,esonance in a dielectric disk, F has been evaluated as follows: 7

4
0. 927 D Le

F .; 0.25 < L/D ! 0.7 (2-27)x
0

where D is diameter, L length, er dielectric constant, and X free-

space resonant wavelength. Hence, the external Q of the x-oriented

magnetic-dipole resonator is given by

= abX

ex

2"2

""rF sixa

t __ ___ ____ _ _ ____ ___ ____ ___ __- -13-



The 3-db bandwidth of the single band-stop resonator is

simply

BW3db 1
W3db = (7-29)

0 ax

This may be confirmed through application of the equivalent circuit,

Figure 2-4. The transmission coefficient is 0. 707 (-3db) at the fre-

quencies for which the reactance introduced by the L-C circuit is

XI= *2Z. Therefore

1'2 0

1•2

(f1 , 2  0) (f1,2 - 0 )

f2 -f l f.

171 CG•(2-30)OC f2--- = •oCW3db

0

!

and by Eq. 2-21,

Y
0 1

W3db .e (2-31)

2.2 Case ofm =m
z

The mz orientation in a rectangular waveguide is shown

in Figure 2-5a. Equations 2-2 through 2-5 apply to this case as well

-14-
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as to the rn~ case. However, with

XM reference to the analyses in the

H, GMTY Second and Fourth Quarterly
a ---~~~*7 78 26

EYReports, Fqs. 26through
2-17 become

REFERENCE PLANE
+ -jozON0- 400- -4110-_M* n* -1.zE a1 0 e e (2-32)

Eyi Ey, M. E+ Eyt y 10 Y
(b)

j~z
Figure 2-5. Case of Dielectric E 10 .2-3

Resonator with m m=

H+ ~ (2-34)

H E (2-35)

e s -4-.--- in-' (2-36)
y + (\ab irr1  a

h = /\\l2Cos Es (2-37)z A(7ab rr 11 a

a =10 == hrzmn (?.-38)
z. J

Hence, at x a/2 and z =0,

=- E (2-40)
ab a Cos

1 __ ___ ___ __ ____ ___ ___ _ _ ____ ___ ___ -15
1~~H H-______________ (Z___________ _____40)________________



The equivalent circuit for

the case of m = m~ is shown in

2,b Figure 2-6. The Q of the reso-
Eb 2,7 x nant circuit loaded by both termi-

e 2 
nations is

wL 2ULI!Qex=• • (2-41)
REFERENCE PLANE REFERENCE PLANE ex=

ex TZ (241

Figure 2-6. Equivalent Circuit
for m =m

z The stored energy at resonance is

W LI 1 2(IEy (2-42)

10 L Z
0

With Eqs. 2-4, 2-19, 2-26, 2-39, and 2-42 substituted in Eq. 2-41,

we obtain for the z-directed dipole:

WW Z abX 2Q O0 =-..a)X - (2-43)

z a

Note that in this case Qex is minimum when the resonant dipole is near

a side wall, and is infinite (denoting zero coupling to the incident wave)

when the dipole is at the center of the cross section.

2.3 Band-Stop Filter Design

In a practical band-stop filter it is most convenient

for the n dielectric resonators to be identical. The variations in Q

required by Eq. Z-i can be achieved by proper location of each reso-

nator in the waveguide cross section. For an x-directed dipole moment

____ ___ ____ ___ ____ ___-16-



0C ii in 2  , while for a y-directcd dipole moment Q Oo

ex a ex

Variation of Qex can also be achieved by tilting the

dipole axis with respect to the incident magnetic field component. This
is especially simple when the dipole is on the waveguide center line,
where H is maximum and H~ is zero. The x component of m is

m = m cos 8 where 0 is the angle of the vector m with respect to the

x axis. Therefore F = F cos 2 0, and by Fq. 2-28, Qex of the dipole

at x =a/2 ism

abX
g (2-44)

ZiTF cos2 8

figure 2-7 shows four ways that dielectric-disk res-
onators can be used in a wave-uide band-stop filter. In the usual fil-

ter design, Eq. 2-1 requires the center resonator to have the lowest
0 ex value, with Qex of the other resonators in an increasing progres-
sion toward each end of the filter. Also, usually OexI = Qexn,

Qex1 =QeXn-, etc. The configurations in Figure 2-7 meet these con-
ditions. Various modifications and combinations of Figure 2-7 are
possible. For example, instead of x =x or 81 = 83, one may have

x 1 1 a3x 3n8xI a - x3 and eI = -e3
1 3 1 3*

Of the configurations in Figure 2-7, the transversely
oriented one shown in (a) appears most convenient. The disks can be

supported by polyfoam, or by x-directed metallic or dielectric pins

attached to one or both side walls.

-17-
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2.4 Experimental Band-
Stop Filter

0 Xg A three-element
JALL CASt'S[ band-stop filter was assembled in

-•I-- '2,I--• the transverse configuration of

2m zm. Figure 2-7a. The same prototype

(a) TRANSVERSELY DlRECTEDexiI/sin2(1Trx, low-pass filter and the same die-

lectric disks were used as in the

TEM-mode band-stop filter de-

m=m, scribed in the Fifth and Sixth

Quarterly Reports. 4, Z Thus,

(b) AXIALLY DIRECTED, Qexj aI/cOs( n = 3 and the pass-band ripple is

0. 01 db. The relations between

6%the Q values and the bandwidths
exven

are as follows: 4

(c) TILT IN x,z PLANE, Qexi ccI/Cos Q84 1. 544 Q (2-45)
ex ex ex

383

w 2.06W. 0.06 (Z-46)

(d) TILT IN x,y PLANE, Q0exiI/cos 2 1 w0.01db (ex4

Figure 2-7. Band-Stop Filter Con-
figurations in Waveguide 3d e(4

Wdb ex (2--47)

The dielectric disks have parameters C = 85.6,

D = 0. 393 in., and L = 0. 235 in. (avg). When placed near the center

of a WR-284 waveguide, they resonate near 3210 Mc (X° = 3. 68 in.).

By Eq. 2-27, the parameter F is therefore approximately

-18-



4
F - 0.927 x 0.393 x 0.235 X 85.6 0.0329 in 3

3.682

In the experimental filter, the middle disk was placed at the center of

the cross section (x 2 = a/2 = 2.840/2 = 1.420 in.). The theoretical

value of Qex 2 is given by Eq. 2-28 as follows

ab _g _ 2.84×1.340X4.81 88.6
0ex 2 =2irF sin 2 (.i) - n'X 0. 0379 -

The position of the end disks is determined from Eq. 2-28 to give the

desired ratio of Qex 1 to Qex 2 . Thus

Q = 1.544 Q = 137.0ex1 ex ?

1.544[

sin2 ('l

sin a vr/1. 5-44

x 1 0.297a 0. 845 in

By means of Eq. 2-47, the 3-db bandwidth is predicted to be

1. 093
BW3 db 109 x 3210= 39.6 Mc

ex 2

-19-



A polyfoam slab was machined to support the disks in

their proper positions. The width and height of the slab are equal to

a and b/Z, respectively. Longitudinal grooves were cut to hold the

disks. The groove depth is D/2, the width is L, and the spacings of the

center of each groove from one side of the slab are x 1 = x3 = 0. 845 in.

and x= a/Z = 1. 4Z0 in.

First, the resonators were tested individually in their

respective locations. The resonant frequencies were found to be not

quite equal, differing by 10 Mc from the highest to lowest value. Be-

fore proceeding further, the resonant frequencies were equalized by

applying small pieces of aluminum foil tape to the surface of two of

the disks, thus raising their resonant frequencies to the same value

as the third. The tape was attached to one face of each disk at a point

about D/4 from the center of the face. Pieces about 0. 040 x 0. 040 inch

proved sufficient. The particular tape used was "Scotch Sensing Tape",

which has a thickness of about 0. 0008 in., including its very thin coat-

ing of pressure-seasitive adhesive. Judging by the relatively small

area of the foil segmcnt and the very small fo change it causes, the

effect on F and Qu should be negligible. The final fo and Qex data are

tabulated below.

(Q Theor

Disk f (Q ex) Meas (Q ex) Theor (Q ex) Meas

1 3216.5 Mc 140.7 137.0 0.975

2 3215.4 96.5 88.6 0.920

3 3216.3 147.3 137.0 0.930

The maximum disagreement of the theoretical from the measured

values of Qex is only 8 percent. This is satisfactory confirmation of

I Eq. 2-28, considering the approximations used in the analysis.

-20-



Next, the three disks were inserted in the polyfoam slab

with longitudinal axis spacings of 3X /4 = 3. 61 in. The insertion loss
go

and VSWR responses were measured without any further tuning or other

adjustment, and are shown plotted versus frequency in Figures 2-8 and

2-9. The VSWR response is asymmetrical, being well matched in the

lower pass band, and having a peak of 1. 58 in the upper pass band.

Ideally, the filter should have VSWR ripples of 1. 10 maximum in both

pass bands. It is quite certain that the equal-ripple response could be

approximated if small adjustments were made in foi and xi. In fact,

3.0 ...

I

_ 2.5"-

n=3, O01-db-RIPPLE DESIGN
VSWR a 2.840" D - 0.393"

b = 1.340" L - 0.235"
2.0 - -•361" ar- 8 5 .6

* K3'.0.845 ii,*40fo"3213 Mc i 1I A.

-500 -400 -300 -2 O -100 fe +100 +0oo +0oo +4oo +500
f-fo, MC

Fig-are 2-8. VSWR Response of Experimental
Band-Stop Filter

I

a _ _ _ _ _ _ - _ _- !2
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70 -

60

50

40-

INS
LOSS fo3 213 Mc

db

30.

20

10*

-50 -40 -30 -20 -- I0 fo + +20 +30 +40 50Sf - fo, MVC

Figure 2-9. Insertion Loss Response
of Experimental Band-Stop Filter

the swept response observed prior to tuning the individual resonators

by means of foil tape indicated a well matched upper pass band and a

peak in the lower pass band; this is opposite to the case plotted in
Figure Z-8.

The VSWR peaks at about 3650 Mc are due to the next

mode of resonance in the disks. In this mode, the magnetic-dipole

vector is perpendicular to the disk axis. Note that a pair of identical

but orthogonal field distributions, can exist in this mode, with their
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respective m vectors at right angles to each other as well as at right

angles to the disk axis. If perfect cylindrical symmetry is maintained,

these two resonant-field configurations can exist simultaneously with

no coupling or interaction between them. This dual mode may be re-

ferred to as a degenerate pair of resonances, to use the terminology

of the analogous waveguide-cavity situation. Further discussion of

this dual mode is given in Sub-sections 3 and 4 of this report.

The measured insertion-loss bandwidth (Figure 2-9) is

35. 1 Mc at the 3-db points. This is 11 percent less than the predicted

bandwidth of 39. 6 Mc. The following tabulation gives the theoretical

ratios of BW /BW at various insertion-loss levels for the prototype3db
three-element, 0. 01 db-ripple response function. The next two col-

urmns give the bandwidths based on these ratios and the theoretical

3-db bandwidth of 39. 6 Mc in one case and the measured bandwidth of

35. 1 Mc in the other case. The last column gives the actual measured

bandwidths.

Theoretical Bandwidths Calculated from BW 3 db Measured
InsLoss BW 3 db/B BW3db = 39. 6 Mc BW -35. 1 Mceand

InWos d d 3db -Bandwidth

3 db 1.00 39.6 Mc 35. 1 Mc 35. 1 Mc

10 1.38 28.7 25.5 25.5

20 2.02 19.60 17.35 17.7

30 2.94 13.47 11.93 12. 3

40 4.26 9.30 8.23 9.0

70 13.60 2.92 2.59 2. 0

Comparison of the columns shows good agreement at all insertion-loss

levels between the measured data and the data computed from the proto-
type response function and BW 3db. = 35. 1 Mc. The theoretical bandwidths
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based on BW3 db 39. 6 Mc are about 11 percent wider on the average.

This degree of design accuracy is sufficient for most practical pur-

poses, and is comparable with that achieved in the design of many

other kinds of microwave filters.

3. Directional Filters Using Dielectric Resonators

a. Basic Properties of Directional Filters

A directional filter is a reciprocal four-port device

combining the properties of a directional coupler, a band-pass filter,

and a band-stop filter. A number of waveguide, strip-line, and lumped-

constant forms of directional filters have been described in the litera-

ture. 6,9 In all cases, the properties depend upon the use of resonant

circuits or resonant modes used in pairs, coupled effectively in series

and shunt with two equivalent transmission lines.

Figure 3-1 shows a

schematic representation of a di-

0 DIRECTIONAL G rectional filter, and the response

0 ,,jJ---o at the various ports. Between

Ports 1 and 2 or 3 and 4 a band-

-2°Ts stop response is obtained, while
"AND

IS 3-PORTS between 1 and 3 or 2 and 4 the

IN, s. j PO TS
db -AND response is band pass. Ideally,

! 2-4

3db Port 4 is isolated from Port 1 and

SPort 3 is isolated from Port 3.

Each port is reflectionless when

Figure 3-1. Schematic Diagram of the other three ports are termi-

Four-Port Directional Filter and nated in their Z loads.
Insertion-Loss Response Between 0

Various Pairs of Ports

-24-
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b. Dielectric Directional-Filter Configurations

Several ways that dielectric resonators can be used in

directional filters are shown in Figures 3-2 and 3-3. In Figure 3-Z,

pairs of disks are placed in openings between two waveguides so as to

achieve the desired combination of H and H (series and shunt) cou- Sx z
plings. The disks resonate in their fundamental mode, with magnetic-

dipole moments along the disk axes. For proper directional-filter

performance the resonant frequencies of the two disks should be iden-

& tical, and the disks should be located in the waveguide structure so

that their Q values are the same.
S~ex

The configuratiuns in Figure 3-3 utilize single dielectric

elements operating at their second resonance, where a dual, degener-

ate pair of orthogonal modes can exist independently and simultaneously.

The respective pair of magnetic dipoles are perpendicular to each other

and to the axis of the disk. These degenerate modes were discussed

earlier in this report in connection with the response curve in Fig-

ure 2-8.

An analysis of the two-disk configuration of Figure 3-2a

is given below. The solution is then extended to some of the other con-

figurations of Figures 3-2 and 3-3. The remaining cases may be
treated in a similar manner.

c. Analysis of Two-Disk Directional Filter

Figu~re 3-4 shows the arrangement of Figure 3-Za with

incident-wave voltage amplitudes al, a2 , a 3 , a4 and reflected-wave

voltage amplitudes bl, b2 , b 3 , b4 at the ports. (These symbols are

according to the usual scattering matrix notation and should not be

confused with the waveguide dimensions a and b.) Consider an input
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HýOLE IN CENTER WALL

(a (b))t~

0) 0

(c) (d)

Figure 3-2. Arrangements of Pairs of Dielectric Disks
Yielding Dir ectional- Filter Response in Waveguide
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E - E3(a)

REFERENCE PLANE

90" TYPICALANY
ANGLE IN GENERAL

Figure 3-4. Two-Disk Case with
------ In- and Out-Going Wave Amplitudes

Defined

wave at Port 1, only. Then

aI 0, while a 2 = a 3 = a 4 = 0.

The simplest analytical approach

S(b) to this problem is to obtain solu-

Figure 3-3. Single-Disk, Dual- tions for various basic symmet-

Mode Configurations Yielding rical and anti-symmetrical exci-
Directional-Filter Response in tations and to superimpose these
Waveguide

cases to achieve the desired

Port 1 excitation. Three basic

excitations are sufficient.

The first excitation, shown in Figure 3-5, has a = a

a3 = a4 1. At the reference plane, the total H field has components
4

Hx = 0 and Hz = max. Therefore, only mz is excited, and mx can be

disregarded. The field distribution for this excitation is such that the

Ap thin common wall can be eliminated with no effect. Thus, the dielec-

tric resonator denoted by m is effectively at the center of a rectan-z

gular waveguide of height b' - 2b and width a' = a. The equivalent

circuit is given in Figure 3-5c. Because of the symmetrical t

-27-2
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REFERENCE PLANE

Ey:MAX, Hx=O, H, MAX

(a) (b)

TCC- b.- T b'j b: 1

(c) (d)

Figure 3-5. First Basic Excitation

excitation, this circuit may be bisected as in Figure 3-5d. It is now

apparent that the wave amplitude bI is equal to the reflection coeffi-
cient computed from the final circuit. Thus, for this first basic

excitation

j2( L' +~ z

00

/ (3-1)

J-Z8-

0 k
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and

Ibl' = 1 (3-2)

Lb = 1800 Ztan-(Qew (3-3)

where Q' is the external Q of the magnetic dipole in the waveguide ofj ex

height b' and width a' (as in Eq. 2-41), and w = f- fl)/fo is the rela-

tive bandwidth between corresponding frequencies fl and f?. (In the

narrow-band case, f2 - f =

The second basic excitation, shown in Figure 3-6, has

a4 " 1 and a" = a" -1. In this anti-symmetrical case, total Ha 4 2 3
at the reference plane has components H = max and H = 0, and hence

x z
m is excited and m can be disregarded. Again the thin common wall

may be removed with no effect, leaving m at the center of a rectan-S~x
gular waveguide of height b' = 2b and width a' = a. The equivalent

circuit is given in Figure 3-6c, and its bisected form is given in

Figure 3-6d. In this case,

o - j2(WC' -4

Y Z(2)

0

ii' and

-It ____ __ _ ____ ___ _ __ ____ __9[
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1b - 1 (3-5)

"Lb -2 tan 1 ( w) (3-6)/_b tn"\ x f

t

E (D E b'2b

REFERENCE PLANE"

Ey-O, Hx=MAX, Hz=O

(a) (b

L L

i -zI

(c) (d)

Figure 3-6. Second Basic Excitation

The third excitation, shown in Figure 3-7, has a 1,

a4 = -1, a. = 0, and a3 = 0. With this excitation, all field components
are zero at the centers of the holes in the common wall. Hence,

neither m nor m is excited, and the equivalent circuit is simply a
x y

generator and load with an incident wave and no reflected wave. (The

hole and disk are assumed small enough not to give rise to an appre-

ciable second-order reflection.)

A -30-
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Figure 3-7. Third Basic Excitation

The proper superposition of the three excitations is in
the ratio of one unit each of a' anda1lstouiso " h oa

wave amplitudes are then

1 = 1 +1 +2 =4

a2=0

a=0a3=

a4 = 0

11

b =b b + bI II

b3 =b - b - Z

b I +

l I

b4 1 I b1

:1 -31-
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Perfect directional-filter performance can be achieved if, and only if,

the external Q values and resonant frequencies of the two magnetic

dipoles are equal. Then Eqs. 3-3 and 3-6 become

Lb• = - 2tan'( exw) = Lb - 1800, (3-7)

and

I II

+b + b 0 (3-8)

bl -b =2b (3-9)

Therefore

b= 0

b 2  ? (bl + 1)

b3 =(b 1)

b 0

The transmission coefficients between Port 1 and the other three ports

are

tl 3 = 1 b '- ( j (3-10)

t (b 103-1

[ t~~13 =T b-I(-i

t14 0 3-12)

-32-
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At f = -1, so that t 1 , = 0 and t 1 3 = 1. The 3-db insertion-loss

points occur for both t 1 2 and t 1 3 at the frequencies where b, = ±j and

b1 = 90' and 270'. With reference to Eq. 3-3, the relative 3-db band-

width is related to Q' by
ex

f2  = W3db = ( 3-13)
0 ex

In Sub-section 2 of this report, Qex of a magnetic-dipole

resonator in a rectangular waveguide loaded by Z at both ends was

evaluated for both mr and m orientations. By Eqs. 2-28 and 2-43,Sx y
the formulas for Q' in waveguides of cross section a' and b' are

ex

S~a'b'k
Q g. (mx case) (3-14)
Q ex . Xx 27rF sin (-

x a ab

'( = . . ) 2 (mz case) (3-15)
z = ZWF Cos/ g

Fz

SNow let Qe'xx Q' = Q' and F = F F, and let a' = a and b' = Zb.zex ex x z
Then

S~abX

t Qex = (3-16)

ex F sin 1 2' w3db

and

'Tx M ix
sin 1 - • cos (3-17)
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These are the design equations for a two-disk directional filter of the

type shown in Figure 3-2a. The factor F is a function of the param-

eters of the dielectric disk, and may be computed from Eq. 2-27. Note

that Q' and w are respectively twice and half the corresponding
ex 3db

values for the same disk functioning as a rejection resonator at the

same position in a single waveguide of cross section a and b.

d. Analysis of Single-Disk Dual-Mode Directional Filter

The preceding analysis can easily be extended to cover

the single-disk configuration of Figure 3-3a operating in the second

resonance, with dual orthogonal modes having magnetic dipole mo-

ments m = m = m. The two-disk case is reduced to the single-disk

dual-mode case by letting x 1 -X, so that the two disks coincide.

Equations 3-16 and 3-17 then apply, with Eq. 3-17 reducing to

tan g (3-18)a 7a

This relation specifies the proper location of the center of the disk.

Two values of x 1 satisfy Eq. 3-18; namely, (xl)1 and (xl), = a - (xl)1 .

Examination of the H and H field components (Eqs. 2-11 'and 2-37)
X z

indicates that at these values of xl,

H =-jH and z =j (3-19)

This is the condition for circular polarization of the H field. Hence the

dual-mode disk placed at one of these points has dipole moments

m =-jm or m. jm (3-20)
z x x
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and thus the dipole moment of the disk is also circularly polarized in

the x, z plane.

Equation 3-16 for Qe can be simplified with the aid of
ex

Eq. 3-18, modified as follows

csc2( -- 1 +cot2( 1-+- = 1 +
• • g

(2a (3-21)

where use was made of the general relation

(3-22)
4k xg c

Upon substituting this in Eq. 3-16, we obtain the final formula for QeSand W3db of a single-disk dual-mode directiona filter, with the disk

located according to Eq. 3-18.

-1 4a 3 bX

Qex w3db ,rXF (3-23)

A formula for F in the dual-mode case is not yet available. Experi-

mental data for F will be used until a suitable formula is derived.

Because the m vector of the dual-mode disk is circu-

larly polarized, it is obvious that the two waveguides in Figure 3-3a

need not be co-directed. Their axes may be at any angle, a3 shown

in Figure 3-3b, without affecting the directional-filter properties.
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Also, a shape other than a disk may be used, as long as it has sym-

metry about two axes. For example, a square prism (or tile) would

be suitable.

e. Multi-Element
Directional Filters

]H, The directional fil-

ters shown in Figures 3-2 and 3-3

have response functions charac-

teristic of two-port single-resonator

t 0 band-pass and band-stop filters.

As in the case of other types of

SIdirectional filters, additional

resonators may be coupled in cas-

cade oetween the two waveguides

0 in order to achieve the more com-

plex response functions of multi-• (a) n>2

St example of such a design is shown

0) in Figure 3-8a. Five dual-mode

E (circularly polarized) disks are

0 ? E0 coupled in cascade within a circu-

lar tube below cutoff. The end

(b) n=2 disks couple to the rectangular

Figure 3-8. Examples of Multi- waveguides at points of circular
Resonator Direction Filters Using polarization of the H field.
Dual-Mode Disks

If Vie end disks project half way into the rectangular
waveguides, the external Q, Qex1, of each end disk loaded by one

waveguide is approximately twice the external Q of one disk loaded by

two waveguides. The latter external Q is Q' which is given byex'

Eq. 3-23. Hence
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Q,

3
8a b%

Q (3-24)
ex Z

for one dual-mode disk oriented according to Eq. 3-18 and projecting

half way into one rectangular waveguide.

For a particular desired response function and band-

width, the required values of Qex1 and coupling coefficients k~

may be computed from the elements of the corresponding low-pass

prototype filter. 5~6In the directional filter, Qexl can be adjusted by

the amount of penetration of the end disks into the rectangular wave-

guides. The range of adjustment is from somewhat less than the value

given by Eq. 3-24 for a disk projecting most of its length into the rec-

tangular waveguide, to infinity for a disk within the cut-off tube separ-

ated by a large distance from the rectangular waveguide. The desired

values of k can be achieved by proper spacing of the disks along
i, i+l

the circular tube.

A convenient structure offering the response function of

a two-element prototype filter is shown in Figure 3-.8b. This utilizes

the geometry of Figure 3-8a, but with the length of the cut-off tube

reduced to zero. The spacing between the dual-mode disks would be

adjusted to achieve the desired maximal-ly flat or ripple response.

f. Practical Design Problems

Prior experience with earlier types of directional filters

order to operate well. The resonant modes have to be tuned to the

same frequency within a few percent of the 3-db bandwidth. The loaded

Q's have to be almost perfectly equal and, furthermore, the loading of

-37-
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each resorwator by each waveguide must be virtually identical. Any

direct coupling between the dual resonant modes must be very small.

An experimental directional filter of the single-disk

cross-guide type is now being constructed. This will be tested, and

the results will be described in the next report.

4. Resonant Modes of Dielectric Cylinders

All of the work described in earlier reports was done with die-

lectric cylinders in the axial-magnetic-dipole mode of resonance. For

L less than D, this is the lowest-frequency (or fundamental) mode of

resonance. The second mode of resonance has its magnetic dipole

perpendicular to the axis of the cylinder. This mode occurs in degen-

erate, orthogonal pairs, as discussed in Sub-sections 2 and 3 of this

report.

Knowledge of the second mode's behavior is important for two

reasons. First, this mode generally causes a spurious response in

filters des .gned to operate with the first mode. Second, this mode is

itself useful in certain types of devices, such as the circularly polar-

ized directional filters described in Sub-section 3.

In order to obtain inform-nation on the resonant frequencies of

the first two modes, a dielectric sample was made having e = 95,
r

D = 0. 325 in., and an initial length L = 0. 500 in. The length was

progressively reduced in small amounts, and frequencies flP f2 , and

f3 were measured at each value of L. Frequency f1 applies to the

mode having m axially oriented with respect to the cylinder, f2 applies

to the mode having m transverse to the axis, and f 3 applies to the next

higher observed resonance. The resulting curves of fl, f., and f3

versus L are plotted in Figure 4-1.
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Figure 4-1. First Three Resonant Frequencies Versus
Length of a Dielectric Cylinder of Constant Diameter

The curves for fl and f behave as expected. For "disk" shapes

(i. e., L < D), fZ is greater than f while for "rod" shapes (i. e.,

L > D), f2 becomes less than f1 " The curves cross at L = 1. 08D. This

behavior is reasonable according to the first-order mode theory of die-
3lectric cylinders discussed in the First Quarterly Report. According

to first-order theory, the curves should cross exactly at L = D.

The data for the next higher resonant frequency, f3 ' does not

fall on a smooth curve. The reason for this is not known, but the

irregular effect may be due to the presence of several modes close

to each other in frequency, or may be due to experimental difficulties

in accurately measuring the third resonance.

SStudy of Figure 4-1 shows that L/D should be less than 0. 6

when fl is used in a filter design, in order to obtain good separation
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from f2 and f 3 " When f£ is to be used, a length between about 0. 160

inch and 0. 190 inch gives best separation from f and f The corres-1 3'
ponding range of L/D is 0. 49 to 0. 58. The optimum value of L/D for

operation in the second resonance is about 0. 54. Another region of
separation of f2 lies beyond L =0. 500 in., where measurements were

not made. However, this region does not appear promising, since f

and f2 are diverging very slowly at L = 0. 500 in., while f2 and f3

are converging.

5. Effect of Metal-Wall Proximity - Axial Case

In the Third Quarterly Report, measured values of Q and f
u o

were presented for a dielectric disk placed in cut-off square wave-

guides of varying size. The disk axis was transverse to the axis of

the waveguide. An approximate analysis of that case was carried out

in the Sixth Quarterly Report, with fairly good verification of the

experimental data.

Measurements are now complete on a disk placed axially in

square and circular cut-off waveguides. The resulting Qu and fo data

axe plotted in Figures 5-1 and 5-2. The disk is tne same one used in

the transverse-orientation examples of the Third and Sixth Quarterly

Reports, and therefore the new data may be compared directly to the

previous data.

The Q values in Figure 5-1 for the axial disk within a squareu
waveguide are almost identical to the earlier data for the disk placed

transversely. However, the effect of the walls on fo is much greater

in the axial case. Both the Q and f results are in variance with the
u 0

theoretical formulas derived in the Sixth Quarterly Report (Eqs.

(2-48), (2-52), and (2-53) of that report), the measured Q values
u

-40-



CREFOR ALUMINUM\ L 10,000 - -
10,000 T- -- -
8.000 - - - 8,000 - 1t I 0(isolated) a 11,600,

0. (isoloyed) 11,600 SILVER PLATED TUBING
-6-000 0 ALUMINUM ALLOY_ 6OC -- k -

6,OOC -. XX SILVER PLATED 6.000 - - - .Lh.....
4,000-.- 4.0

3.6- -- 3.6

T'0 2 RESONATOR ITiO02 RESONATOR
3 - -(COLD PRESSED, 2000 psi) 3.4- - 1*(COLD PkESSED, 2000 psi)

0-0430* D0,0 ,fo Gc L - .220" to, Gc L 0.2~

3 r z
8 7

.
1  3.3 -87.1

f. (isolated) -3029 Go f. (isolated) - 3029 Go

- -3.2---1----2-

3.--------------------0 025 0.5 075 1.0 125 15 175 0 0.25 0.5 0.75 .0 :.25 1.5 1.75
a, inch"s d, inches

Figure 5-1. Qu and fo of a Die- Figure 5-2. Qu and fo of a Die -
lectric Disk Axially Oriented in a lectric Disk Axially Oriented in a
Cut-Off Square Tube Cut-Off Round Tube

being lower and the f change being higher. Good agreement, however,
0

had been found for both Q and f in the transverse case.

The errors in the formulas for the axial case may be attributed

to the approximations in the analysis. The principal approximation

was the assumption of a single infinite metal wall rather than the actual
four-sided square waveguide. Figure 5-3a shows the single image of

the equivalent magnetic dipole for the assumed infinite-plane geometry,
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and Figure 5-3b shows the infinite array of images for the square-

waveguide geometry. All images of the magnetic dipole are in the

same direction as the dipole.

In the analysis in the Sixth Quarterly Report, the effect of the

single image on wall loss and on resonant-frequency shift was muiti-

plied by four to take account of the effects of the four adjacent images

in the actual waveguide boundary. It is apparent from Figure 5-3 that

the infinite number of non-adjacent images will also have an effect.

This is especially severe for the axial case, since the images are all

in the same direction. Thus, the H field on the metal walls of the

waveguide will be considerably greater than in the assumed situation,

resulting in greater total loss and lower Qu. Also, the total frequency

change will be considerably greater than that caused by only the four

adjacent images.

The image situation for the transverse case is shown in Figure

5-4. In this case the images in the infinite array have alternating

directions. The result of this alternation is that contributions from

the non-adjacent images tend tc, cancel. Therefore, an analysis based

on only the four adjacent images can be expe:c.ted to have fiir accuracy,

and the good agreement obtained between theoretical and experimental

Q and f in the transverse case is substantiated.
u o

The analysis of the axial case could be extended to take account

of the contributions of the non-ac'jacent images. This may be under-

taken in the future, but the availability of the experimental data makes

this task less important than other items currently of interest.
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SECTION V

CONCLUSIONS

Dielectric-resonator band-stop filters in waveguide are shown

to be feasible, and design formulas derived for them are shown to be

S sufficiently accurate for practical purposes. Although a dielectric

resonator band-stop filter has the same length as a conventional wave-

guide band-stop filter, it eliminates the need for external cavities.

Both types offer approximately the same unloaded Q and dissipation-

loss characteristics. The dielectric-resonator assembly can be easily

inserted a,,.o a length of straight waveguide. Suitable lengths would

usually be available in waveguide assemblies, and thus no additional

space would be required for the band-3top filter.

Waveguide directional filters utilizing dielectric resonators are

shown to be feasible. A number of possible configurations are given.

Some use resonators in pairs, while others use single dielectric ob-

jects operating in the second "dual" mode of resonance. Additional

resonators may be added to achieve multi-resonator response. It is

shown that the analysis on band-stop filters can be extended to cover

directional filters as well. Design formulas are derived for directional-

filter cases of particular interest. Many difficulties exist in the align-

ment of this type ct filter, and a conclusion on practical feasibility will

be made in the next report after an experimental study is completed.

Of the infinite number of resonances occurring in a dielectric

object, only the first two appear to be of practical value for filters.

The first (or lowest frequency) mode in a dielectric disk would be used

in most filter designs. The second mode would have more limited ap-

plicability in special types of filters, such as directional filters. The

particular feature of interest of this second mode is its dual, orthog-

onal natue-e; that is, the ability of this mode to occur simultaneously
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in two independent field distributions at the same frequency. The

resonant-frequency curves show the first mode to be well separated

from the second when the L/D ratio of the disk is below 0. 6. The

range of L/D for good separation of the second from the first and third

modes is quite small, being about 0. 49 to 0. 58, with the optimum ratio
~ at about 0. 54. In the latter case, the adjacent-mode frequencies are

at about plus and minus 18 percent from the second-mode frequency.

In addition to the disk shape, any other shape offering two-axis sym-

metry can support dual, orthogonal resonances at the same frequency.

An example is the square prism or "tile" shape.

The measured Qu values for an axially oriented disk in square

cut-off waveguides of varying size are almost identical to that obtained

for the transverse orientation. The effect on resonant frequency, how-

ever, is greater in the axial case. Both of these results are in sub-

stantial disagreement with the previously developed theory. The fact
that the theory gives good results in the transverse case but not the
axial case can be explained in terms of the assumption that only the

four adjacent images in the infinite array of equivalent magnetic-dipole

images need be considered. In the transverse case the directions of

the images alternate, with the effect that contributions from non-

adjacent images tend to cancel each other. In the axial case all images

a have the same direction, so that contributions from non-adjacent im-

[, ages should not be disregarded. Because the measured curves are

useful in themselves, the task of extending the theory to take account

of the non-adjacent images has been assigned a low priority.
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SEC TION VI

• ~PROGRAM FOR NEXT INTERVAL

Further analysis and experimental study will be made of

dielectric-resonator directional-filter configurations in waveguide

and strip line. Investigation of band-pass end-loading techniques will

continue. An analysis of axially oriented resonators in cut-off circular

tubes will be included in the next report. Several experimental band-

pass, band-stop, and diplexer filters will be constructed for delivery.
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